This paper establishes a procedure for numerical analysis of hip joint using the Finite Volume method. Patient-specific hip joint geometry is segmented directly from computed tomography and magnetic resonance imaging datasets and the resulting bone surfaces are processed into a form suitable for volume meshing. A high resolution continuum tetrahedral mesh has been generated where a sandwich model approach is adopted; the bones are represented as a sti↵er cortical shells surrounding more flexible cancellous cores.
approach, however, the exact empirical relationship between Hounsfield intensity and sti↵ness can be di cult to determine and verification is not trivial 23 [11, 12] . 24 Although models of the hip joint have progressed considerably, there are 25 still a number of shortcomings. Due to computational limits, the mesh is 26 often of insu cient resolution to capture the true anatomy, cortical bone is 27 often represented by degenerative shell elements, and bone surface meshes 28 can be over-smoothened to deal with the understandably complex task of 29 volumetric meshing. In spite of the steady increase in mesh densities, recent 30 models are still yet to approach the high resolution required to capture large 31 local stress gradients present in the contacting regions, giving possible ex-32 planation of why hip contact pressure predictions of more recent studies are 33 larger than older studies [2, 4, 5, 14] . 34 Numerical analysis of hip joint mechanics may be performed using one 35 of many approaches, however, due to its well established role in computa-36 tional structural mechanics, finite element (FE) analysis is the most widely 37 employed method [1, 3, 4, [14] [15] [16] [17] [18] [19] [20] . Nonetheless, the Finite Volume (FV) 38 method, being attractively simple yet strongly conservative in nature, has lated surface is constructed using a marching cubes procedure [46] , producing 72 a castellated surface mesh of the bone 2 , illustrated in Figure 1(a) . 73 To remove unwanted noise, the castellated surface meshes are smoothed 74 to 10 iterations using a volume conserving Laplacian smoothing algorithm 75 (Figure 1(b) ) [48] , as implemented in the open-source software Meshlab [49] . Decimation, the process of combining small faces together, is conducted 78 using a quadric based edge collapse decimation procedure, making the surface 79 files more manageable for subsequent meshing procedures. A decimation 80 factor of 0.2 is employed reducing the number of faces by a factor of five, surface. If a slave vertex does penetrate, an increment of interface force is 150 applied between the slave vertex and the master surface.
151
The contact algorithm is controlled via three main parameters, namely, 152 the interface sti↵ness, synonymous with the penalty factor or penalty sti↵-153 ness, the gap tolerance and the contact correction frequency. The penalty 154 factor controls the addition of interface force increments. Its choice a↵ects the 155 convergence of the contact procedure; if the penalty factor is too high then 156 the contact may not converge, if too low the contact may take a prohibitively 157 long time to converge. The gap tolerance specifies the extent of penetration.
158
If the gap tolerance is too large, the bodies will penetrate by a large amount 159 and the contact pressures will be underestimated. Conversely, if too small, 160 the convergence of the contact procedure will be adversely a↵ected. The 161 contact correction frequency factor specifies how often the contact procedure 162 is to be invoked during the inner iteration loop. It should be noted that as 163 long as the procedure converges, the penalty factor and contact correction 164 frequency do not a↵ect the predicted mechanics, as an iterative procedure 165 is employed ensuring the contact constraints are respected within the user 166 defined gap tolerance. 
Results

168
The hip joint is numerically analysed at three di↵erent phases of the gait 169 cycle, namely:
170
• The mid-stance phase;
171
• The hip force peak following the heel-strike phase;
172
• The hip force peak prior to the toe-o↵ phase. region. The predicted contact area is 3.96 ⇥ 10 4 m 2 and has been calculated 232 by summing the articular surface faces with a pressure greater than 1 kPa.
233
The average contact pressure is 6.28 MPa and has been calculated by divid-234 ing the total contact normal force by the contact area. The total contact 235 normal force, C n , is calculated by:
where P f refers to the summation over all the faces of the articular surface 237 and f is the face area vector.
238
Inspecting the model contact gap, as shown in Figure 8(b) , the anterior 239 superior and posterior superior regions show the most negative contact gap, 240 relative to the superior region of the femoral head.
241
When the von Mises stress distribution of the toe-o↵ and heel-strike mod-242 els are examined, the most highly stressed areas occur in the bone superior 243 and posterior to the acetabulum. As with the mid-stance model, the acetab-244 ular roof is highly stressed, in particular directly above the contact regions.
245
Additionally, the bone around the iliosacral joint experiences high stresses.
246
Inspecting the contact regions of the toe-o↵ and heel-strike models, shown Inspecting the regions of greatest stress in the mid-stance model, the 274 pelvis is relatively highly stressed in the acetabular roof, the ilium above the 275 acetabulum and at the iliosacral joint. On closer analysis of the femur, the 276 body of the femur holds much of the stress where significant bending occurs.
277
These predictions agree well with results from numerical models in literature 278 [2, 4, 14, 16, 19, 61, 63, 67] , and it has been noted the large predicted stresses Examining the predicted contact pressure distributions, the analyses suggest that the hip joint contact is not perfectly congruent and that there are MPa [2, 4, 14, 16, 19, 61, 63, 67] , whereas the maximum predicted contact 
315
Of the three phases of gait examined, as anticipated the largest stresses 316 and contact pressures occur in the heel-strike model, corresponding to the 317 peak in gait cycle total joint forces. For all models, the predicted stress 318 values and locations are consistent with previous FE studies [2, 4, 14, 16, 319 19, 36, 61, 63, 67] , however, the magnitude of maximum contact pressures 320 are greater than previously predicted. 
